Magnetic tunnel junctions in the sub-micrometre range have been patterned by electron beam lithography. The hard reference electrode is composed of an artificial antiferromagnetic subsystem while the soft magnetic detection layer is Permalloy (NiFe). The magnetic switching characteristic is studied for various seed layers. For a polycrystalline iron seed line the magnetoresistance switching curve is irregular and not well behaved, while for a nonmagnetic seed layer (Ru) the reproducibility is good and the switching can be related to the shape of the element. We discuss possible coupling mechanisms and show that the magnetization reversal of the soft layer is mainly driven by the large stray fields of moving Néel-type domain walls in the Fe seed layer.
Introduction
As an alternative to exchange-biased systems, the use of an artificial antiferromagnet (AAF) subsystem as a magnetically hard reference layer for sensor applications based on the giant magnetoresistive effect (GMR) has been shown to be successful [1] . This system can be easily transferred to magnetic tunnel junctions with higher magnetoresistive signals [2] when substituting the spacer layer between the soft detection layer and the AAF by a thin aluminium oxide barrier. These magnetic tunnel junctions (MTJs) are also a promising candidate for non-volatile memory applications (MRAM).
In Co/Cu based AAF systems an iron seed layer can be used to improve the magnetoresistive properties [3] . Beside the soft detection layer and the hard AAF subsystem this iron seed layer is a third magnetic layer, which can interfere with the two other components. Indeed, a domain wall induced coupling between the two adjacent soft and hard magnetic layers has been observed [4] and a variety of coupling effects between ferromagnetic layers is known [5] . Here we investigate the switching of sub-micrometer MTJs containing a magnetic iron seed line. We experimentally show a chaotic switching behaviour and poor reproducibility, and relate these to the switching of the iron seed line. For a nonmagnetic ruthenium seed layer, the switching curves can be interpreted more easily in terms of different switching modes [6] [7] [8] [9] .
Film preparation and patterning
The magnetic multilayers for the tunnel junctions were grown in a high-vacuum sputtering system with a base pressure of 5 × 10 −6 Pa. The layers were deposited on thermally or naturally oxidized Si (100) wafers. The typical sequence of layers (thicknesses in nm) was: substrate/seed layer/Cu30/AAF/Al 2 O 3 /Py6/Cu2/Cr3 (Py: Permalloy). Three different seed layers of Cr4/Fe3 nm (sample A), Fe 6 nm (sample B) and Ru 5 nm (sample C) were used in this paper. The AAF consists of two Co or CoFe layers with different thicknesses, separated by either a Cu or Ru layer for antiferromagnetic coupling. The Al barrier was oxidized with rf Ar/O 2 plasma without breaking the vacuum. The barrier thickness was in the 1 nm range. The Py detection layer was 6 nm Ni 81 Fe 19 for all samples. Table 1 gives an overview of the samples. Vibrating sample magnetometer (VSM) measurements were performed on the unpatterned multilayer system, which were sputtered in the same run as samples A and B. In figure 1 the magnetic hysteresis loops for samples A and B are shown. The switching of both the 6 nm Py layer and the iron seed layer is observed. Note that the switching field H F e c for the 3 and 6 nm Fe seed layers is ∼0.7 and ∼1.4 kA m −1 , respectively. As the 3 nm iron seed layer has about the same magnetic moment as the Py layer the change in VSM signal due to the iron seed switching is not as large as for the 6 nm iron seed line. The ferromagnetic Néel coupling [10] between the Py layer and the adjacent AAF electrode is stronger for the 3 nm Fe seed layer, which is reflected in the VSM measurement by a shift of the Py magnetization reversal on the 3 nm Fe seed layer to negative field values. Due to the almost identical magnetic moment of the Py and iron layers and due to their almost coinciding reversal fields for decreasing magnetic fields, a precise assignment of the negative switching fields to Py and iron is not straightforward. The sample patterning was done by a four-mask lithography process in combination with an electron beam lithography (EBL) step [11] . By photolithography a bottom electrode, typically about 50 µm wide, was defined in resist and the pattern was transferred onto the whole metal stack by ion milling. Then, the actual tunnel area pattern was written by EBL on a negative resist system and was also transferred by ion milling into the magnetic multilayer system, with an etch stop in the nonmagnetic bottom Cu electrode. This was immediately followed by a deposition of SiO 2 for passivation. The resist cap enabled the opening of the top electrode in a subsequent lift off process. Another lithography step and physical vapour deposition (PVD) of 200 nm aluminium in the lift off technique was used to contact the previously opened top electrode. Finally, contact pads for magnetoresistance measurements were defined. The element size varied in shape and size (10 × 10 µm 2 down to 300 × 300 nm 2 ). Figure 2 shows a sketch of the patterned submicrometre structure on top of the 50 µm wide iron seed line.
Measurements
The AAF was saturated at about −800 kA m −1 to ensure a uniform magnetization of the reference layer. The field was applied along the long axis of an element. Minor loops were measured in an external magnetic field up to 15 kA m −1 , where the AAF magnetization direction did not change. The measured magnetoresistance (MR) was normalized for each junction to 100%. The measurements were performed on submicrometre junctions on top of a magnetic seed line (type A or B) or without magnetic seed line (type C).
Sample A: 3 nm iron seed line
In figure 3 a series of 20 subsequently measured MR minor loops for an element with the Cr4/Fe3 nm seed layer (sample A) is shown. The cell is rectangular and 1.3 × 0.4 µm 2 in size. The magnetization reversal from the high-resistive antiparallel (AP) to the low-resistive parallel (P) configuration between the Py and the upper AAF electrode (backward loop) takes place at around −0.8 kA m −1 and is almost complete. Extra features are seen at the beginning and at the end of the AP-P reversal. On the forward loop the P-AP reversal starts at +0.8 kA m −1 , where most of the MR curves switch in a single step. However, a few curves (four out of 20) differ and also show multistep switching. The complete reversal is delayed towards higher fields up to +3 kA m −1 . Due to the high degree of irreproducibility a definition of the switching field is not straightforward. In the following we define as the trigger field the magnetic field at which the magnetization reversal starts. Thus, for the 1.3 × 0.4 µm 2 element in figure 3 , the trigger field is ∼0.8 kA m −1 . The same trigger value is also observed on other submicrometre junctions regardless of their size and shape, when a 3 nm iron seed line is used. This observation suggests a correlation with the magnetic switching of the 3 nm iron seed line at about 0.7 kA m −1 . The better reproducibility of the reverse transition (AP-P) in figure 3 is not generally observed for other junctions.
Sample B: 6 nm iron seed line
In figure 4(a) the normalized MR curves of three representative junctions (sample B) for different sizes and shapes are shown for the 6 nm thick iron seed layer. The 1 × 1 µm 2 and the 1.1 × 0.4 µm 2 junctions have a common switching point at around −1.4 kA m −1 for the AP-P magnetization reversal. Also, for the 0.5 × 0.4 µm 2 junction the magnetization reversal is initiated at this field, but the reversal process is only completed at higher negative fields. Similar trigger effects of the magnetization reversal are also observed for P-AP reversal at a positive field of 1.4 kA m −1 . Further measurements show that all junctions of type B exhibit a common trigger point for positive and negative fields, regardless of their size and shape as long as the switching field expected from shape anisotropy is higher than the value of 1.4 kA m −1 . For big junctions above 10 × 10 µm 2 the magnetization reversal is almost finished at external fields |H ext | < 1 kA m −1 and therefore, no switching at ±1.4 kA m −1 can be seen. However, even in a 50×50 µm 2 junction (see inset of figure 4(b)) a hump in the MR can be detected at −1.4 kA m −1 . In analogy to Atype measurements, repeated MR measurements on a single submicrometre junction of type B also show an irregular and irreproducible switching characteristic, but a common trigger point is given for all loops. Again, the trigger point for the 6 nm iron seed line coincides with the switching field of the iron seed line. Note that the vanishing influence of element geometry on the trigger point is also observed for the 3 nm thick iron seed layer.
Sample C: 5 nm ruthenium seed line
To clarify the influence of the iron seed a magnetic multilayer stack without any magnetic seed layer was used for submicrometre elements (sample C). In figure 5 two typical minor loops along the long particle axis for cell sizes with high and low aspect ratios are presented. For these samples the AAF was previously saturated at +400 kA m −1 . The saturation at positive field is responsible for the inverted switching curve in figure 5 . The junction with a high aspect ratio of about 3.4 has a width of 240 nm and shows a single step like switching and the junction with the lower aspect ratio of 1.8 and a width of 350 nm shows a two-step switching process which reflects different reversal modes [6] [7] [8] [9] . In general, the switching curves of type C are well reproducible compared to A-type and B-type junctions. The various switching modes and other features as seen in figure 3 are not observed for C-type junctions of similar shape.
Therefore, we conclude that the switching process in samples A and B is strongly influenced by the magnetic seed layer. In these samples the trigger field is correlated to the switching field of the iron seed line.
Narrow magnetic seed line
In order to check the influence of the magnetization reversal in the iron seed line on the switching behaviour of a submicrometre element, the element is placed with its long axis either parallel or perpendicular to the iron seed line. The magnetic field is always applied parallel to the long axis of the element. If the iron seed line is sufficiently narrow the domain nucleation process and the magnetic reversal in the iron seed line will be different for the field parallel or perpendicular to the line. Hence, different trigger points for the switching of the element are expected. Figure 6 shows the MR curves for (a) the parallel and (b) the perpendicular case of a 10 µm broad 6 nm Fe seed line (B-type sample). In both measurements, the element geometry has a 2000 × 500 nm 2 core size with tapered ends of 400 nm. Before each measurement a positive field of +1000 kA m −1 is applied to saturate the AAF and the iron seed line. In the parallel case ( figure 6(a) ) the switching field is about 1.7 kA m −1 , which is slightly higher than the switching field of 1.4 kA m −1 for an extended iron layer. Indeed, Kerr images on an identical iron line reveal a higher field for magnetization reversal which starts at about 1.6 kA m −1 and requires field values up to 2.2 kA m −1 for a complete reversal. Hence the increase in the parallel switching field for a 6 nm thin iron seed line from about 1.4 to 1.7 kA m −1 is related to the delayed onset of magnetization reversal in the 10 µm narrow Fe seed line (compared to the 50 µm broad seed line normally used).
In the perpendicular case the switching curve ( figure 6(b) ) is highly asymmetric. When coming from positive fields (backward branch) the tunnel magnetoresistance (TMR) signal has pronounced peaks at around −2.0 and −2.5 kA m −1 . At a field of about −3.5 kA m −1 the magnetization reversal of the Py detection electrode is completed. The TMR value is approximately constant for field values up to −6 kA m −1 . Upon field reversal (forward branch) the onset field for AP-P reversal is about +1 kA m −1 , which is significantly smaller than for the P-AP reversal. In figure 7 corresponding Kerr images of a 10 µm broad iron seed line are shown ( figure 7(f) ). Again, coming from positive fields, where the Fe line is fully saturated, almost no domains can be seen at a field of around −1 kA m −1 ( figure 7(a) ). Continuing to more negative fields, at about −3 kA m −1 many domains pop up abruptly ( figure 7(b) ). The shape of the domains is very patchy. At the most negative field value of −6 kA m −1 the iron is not yet saturated. Therefore, upon return to the remanent state a domain pattern is still present (figure 7(c)) and remains almost unchanged up to field values of 1 kA m −1 ( figure 7(d) ). However, in the field region from 1 to 2 kA m −1 strong domain wall movement takes place and the domain pattern changes due to magnetization reversal ( figure 7(e) ). Thus, due to the lack of full iron saturation at negative fields the magnetization reversal of the iron seed line is asymmetric which is also reflected in the MR curves. Again, the MR measurements can be linked to the switching process in the iron seed line. The periodic stripe pattern in the Kerr images originates from a slight subtraction mismatch between the reference background image and the actual image due to thermal drifts of the sample.
Discussion
Possible mechanisms for an interference of the iron seed and the detection electrode are discussed briefly in terms of edge stray fields of the iron seed line, stray fields originating from the Py electrode and stray fields due to Néel walls in the iron seed layer. We will show that the main impact comes from the latter stray fields.
Edge stray fields of an iron seed line
As the seed layer is patterned into stripes as bottom electrode, stray fields can be generated at the line edges. These fields become important if the line width is reduced. Normally, the junctions are centred on a 50 µm broad and at least 200 µm long seed line within a region of ±10 µm. In this case, if we assume that a 6 nm thick iron line is fully saturated parallel to its short axis (worst case) the Py layer would be subjected to edge stray fields of around 0.2 kA m −1 as an upper limit (figure 8). Note that for small separation distance z (∼40 nm) of the Py electrode from the iron seed line the edge stray field is almost the same, as the distance from the element to the magnetic edge poles of the line is nearly constant. However, a smaller line width of 10 µm can easily generate fields at around 1 kA m −1 , as depicted in figure 8 . In real patterned lines the edge stray fields are reduced by the formation of domains and/or by an inhomogeneous edge magnetization. Thus, as long as the element is placed on a 50 µm iron line, edge stray fields are too small to have a drastic effect on the switching curve. In the case of the 10 µm narrow seed line and perpendicular applied field, small deviations from the external applied field are possible, but these cannot account for the asymmetric shift of the switching curve in figure 6(b) .
Demagnetizing fields of the detection electrode
Other sources of interlayer coupling are magnetic stray fields which originate from the Py electrode and interfere with the iron seed line. The stray fields strongly depend on the actual magnetization configuration in the Py electrode. An inhomogeneous magnetization configuration or Néel walls in the Py are accompanied by a particular magnetic charge distribution, which will generate magnetic stray fields. It is known that stray fields from Néel walls in the detection layer can have degradation effects on the adjacent hard magnetic reference layer [4] . Also, a uniform magnetization of the Py electrode gives rise to large demagnetizing fields. For instance, if a complete saturation of the magnetization is assumed parallel to the x-axis (i.e. long axis) of a 1200 × 400 × 6 nm Py electrode, stray fields in the x-direction (H x ) are in the range of 1 kA m −1 . In figure 9 , H x is drawn for a distance z of 40 nm, which is about the separation distance between the Py and the iron layer. High stray fields (∼8 kA m −1 ) at the endpoint of the electrode can induce magnetic charges in the iron seed, essentially favouring a domain structure which partially compensates the Py stray fields. A detailed picture of the interference of stray fields either due to the iron or the Py electrode is rather complicated. However, Kerr observations of the magnetization reversal in the Fe seed line reveal that domains independently appear far away from the Py electrode. This indicates that the Py electrode has little influence on the switching of the Fe seed line.
Domain wall stray fields of an iron seed line
Néel walls in the seed layer can produce an inhomogeneous local field in the detection layer, which can affect the switching of Py. The stray field strength in the Py is essentially given by the separation distance z from the Néel wall, the wall width q, the iron seed thickness and the saturation magnetization of iron. According to [12] the domain wall (DW) width q also depends on the seed layer thickness, the saturation magnetization, the exchange stiffness constant and the anisotropy constant. For estimation of the DW width in our 3 nm thick iron seed layer (sample A) a saturation magnetization of M s = 2 T, an exchange stiffness of A = 21 × 10 −12 J m −1 and a dead layer corrected Fe thickness of d = 2.2 nm is assumed. Using a local anisotropy constant of K = 0.25 × 10 4 J m −3 a DW width of about 80 nm is calculated. As a precise value of the anisotropy constant for our polycrystalline iron film is not known, calculations for an anisotropy constant K between 0.6 and 85% of the value in single crystalline Fe are also done. This gives an upper DW limit of q = 240 nm and a lower limit of q = 20 nm.
The stray field of the Néel wall was calculated for a uniformly magnetized core wall of width q, which is an approximation of the real wall magnetization (see inset figure 10 ). The in-plane stray field perpendicular to the wall for a fixed wall width of 80 nm at various distances z from the iron seed line is given in figure 10 . The stray field is calculated for a centred position above the Néel wall, i.e. at the position x = 0 nm. The wall length was set to 10 µm, which is long enough to ensure a convergence of the in-plane stray fields. For a typical distance z ∼ 40 nm the in-plane stray fields are in the 10 kA m −1 range. For the upper and lower DW limit (240 and 20 nm) the field strength reduces by about a factor of two, but is still in the upper range of 5 kA m −1 . Note that the stray field has its maximum value for q ∼ 80 nm when a distance of z ∼ 40 nm is assumed. In other words, a domain wall in the iron seed line generates a strong and localized transverse stray field both in the AAF and the detection layer. The presence of such a stray field can lower the domain nucleation or switching field in the detection layer. When applying an external field domain nucleation and DW movement in the 50 µm wide iron seed line will start around the coercive field H F e c . When a DW in the iron seed line passes underneath a submicrometre element this stray field can trigger a reversal process in the submicrometre detection electrode. This explains the trigger field value of the submicrometre elements on samples A and B, which coincides with the coercive field of the seed layer at about 0.7 and 1.4 kA m −1 , respectively. Also, the different switching fields on the narrow 10 µm iron seed line are in perfect agreement with this explanation. However, the calculation neglects shielding of the stray fields by the magnetic layers themselves. Especially for the 6 nm iron seed (which would essentially more than double the stray field strength of 2.2 nm Fe), peak stray fields may even locally change the alignment of the AAF configuration. This would result in a complex flux guidance and reduced stray fields in the detection electrode. But, this effect is considered in the first approximation to be small as the saturation of the AAF subsystem is higher than 50 kA m −1 .
Conclusions
We have shown that an extended iron seed line has a drastic influence on sub micrometre sized MTJs. The magnetization reversal of the Py detection electrode is correlated to the switching of the magnetic iron seed line. When the iron seed line switches, large domains nucleate and domain walls will sweep through this layer. These domain walls can induce a reversal process in the Py detection layer due to their large stray fields. As the Fe seed line can switch by many different modes, the switching of Py is no longer unique but irregular. A simple estimation of domain wall stray fields yields values in the 10 kA m −1 range for a 3 nm thick iron seed line, even at a distance of 40 nm. Thus domain wall stray fields must be taken into account in device design and need to be well controlled to guarantee reproducible device performance.
